We present results on theoretical and rst experimental investigation of a new regime of acousto-optic interaction existing in acoustically anisotropic medium. We dened the new regime as semi-collinear or mixed interaction since it combined properties of the traditional non-collinear diraction and the pure collinear interaction. The peculiar phenomenon was registered in the tellurium dioxide crystal due to the extremely strong elastic anisotropy of the material. Application of a specic cut of the crystal provided observation of the eect in the middle infrared at the optical wavelength 3.39 µm and at the acoustic frequencies limited to 300 MHz. The observed interaction was characterized by a non-collinear propagation of incident light with respect to acoustic energy ow and simultaneously a collinear propagation of diracted radiation along the acoustic energy ow. A brief theoretical analysis of the interaction based on wave vector diagrams and two-dimensional coupled wave equations is included in the presentation. Finally, we describe in the paper, the setup and basic details of the carried out acousto-optic experiment.
Introduction
The phenomenon of acousto-optic (AO) interaction is widely used in modern optics, optical information processing and laser technology to regulate parameters of optical beams [14] . The major advantage of AO devices consists of a possibility to regulate simultaneously a few parameters of optical signals in real time. For example, quick action of AO devices is usually limited to a few microseconds [14] .
It is evident that the extremely wide applications of the diraction phenomenon at present stimulate research in the eld of fundamental acousto-optics.
The acousto-optic interaction is based on the wellknown phenomenon of diraction of optical beams by phase gratings induced by acoustic waves in transparent to optical radiation media [14] . gratings [3, 4] .
It should be underlined that in the thirties, the interaction was examined only in optically isotropic media,
i.e., in liquids, glasses and cubic crystals. As for elastic anisotropy of the media, it was neglected. In general, the interaction was analyzed only in the traditional case of transverse, i.e., non-collinear interaction known * corresponding author; e-mail: volosh@phys.msu.ru for close to orthogonal propagation of optic and acoustic beams with respect to each other. A general scheme of the transverse interaction is shown in Fig. 1 . In 1967 Dixon generalized consideration of the diraction phenomenon over optically anisotropic media.
As proved by Dixon [5] , not only a transverse but also (36) a collinear interaction of optic and acoustic beams may be observed in a birefringent crystal. During the collinear interaction, the incident and diracted beams propagate collinearly with ultrasound. This interaction is schematically illustrated in Fig. 2 . Later a few modications of the collinear interaction schemes were proposed. The interaction proposed by Kusters with non-collinear phase velocities but collinear group velocities of optic and acoustic beams [6] may be mentioned in this context. The quasicollinear interaction characterized by collinear energy ows of a single optic and acoustic beam is also attributed to the family of the collinear interactions [7] .
On the other hand, based on our analysis of the interactions in elastically anisotropic media, we proposed existence of the semi-collinear or mixed interaction.
It was predicted that an incident optical beam could be sent across an acoustic column and therefore propagate approximately orthogonal to acoustic energy ow. As for a corresponding diracted optical beam, according to expectations, it could propagate strictly collinear with the acoustic energy ow [810] . This unusual type of AO interaction is just the subject of the present paper.
Elastically anisotropic media
It is known that all crystalline materials are elastically anisotropic. It means that in the general case of acoustic propagation, magnitude of phase velocity of ultrasound V depends on direction of the acoustic propagation. The elastic anisotropy also manifests itself in acoustic walko angles ψ separating the phase V and group V g velocity vectors of ultrasound [812] . Therefore the acoustic columns directed along the Poynting vector are usually tilted relatively to the phase velocity vector, as shown in Fig. 3 . It is seen in the gure that the acoustic wave fronts in all three drawings are directed horizontal, while the acoustic energy ow is propagating vertically only in the elastically isotropic case at ψ = 0. should be considered and evaluated not only with respect to the axis x, i.e., along the acoustic wave front, but also relatively to the axis z, i.e., in the direction of acoustic phase velocity vector.
Bragg matching condition in semi-collinear interaction regime
Existence of the semi-collinear interaction was predicted in Refs. [810] . According to conclusions made in the papers, we consider only elastic anisotropy of the interaction medium while optical birefringence is neglected for simplicity. It is known that ecient Bragg interaction of light and sound may take place if phase marching condition is satised [14] . The matching condition indicates that the wavelength of light λ, the angle of light incidence Θ, the frequency f and the phase velocity of ultrasound V in an optically isotropic medium are related to each other in the following manner:
where n is the refractive index. At xed wavelength of light λ, the AO interaction takes place at the frequency of ultrasound
It should be mentioned that Eqs. (1) and (2) are valid in both elastically isotropic and elastically anisotropic media. As for the drawings in Fig. 4 and 5, they illustrate the elastically anisotropic cases of the Bragg interaction.
It is known that in optically isotropic media, the angle of diraction Θ d is equal to the Bragg angle of light incidence Θ d = Θ [14] . According to the conclusions of 
It automatically means that the Bragg angle of light incidence corresponding to the semi-collinear diraction is equal to sin Θ = sin(90
while the acoustic frequency of the Bragg matching is expressed as
The right drawing in Fig 
Wave vector diagrams of semi-collinear diraction
General view of AO cell based on one of the known so far two basic variants of the semi-collinear diraction is shown in Fig. 6 [8, 10] . We consider in the gure the semicollinear diraction in the particular case of the acoustic walko angle ψ = 45
• . It is seen in the gure that the transducer launches in the crystal the acoustic wave having energy ow propagating along the axis z. The incident light is sent in the cell along the axis x at the Bragg angle Θ = 45
• with respect to the acoustic wave front.
It should be emphasized that the incident light is sent in the cell orthogonally to the acoustic column. In Fig. 6 , it intersects the acoustic column horizontally, therefore, the interaction may be dened as the non-collinear or transverse diraction. As for the diracted optical beam, it propagates collinearly with the acoustic energy ow along the axis z. It means that the interaction is collinear.
It is also seen in the gure that the transmitted and the diracted optical beams propagate in the cell orthogonally with respect to each other.
Wave vector diagram of the semi-collinear interaction is shown in Fig. 7 . It illustrates the traditional vector
where k i = 2πn/λ and k d = 2πn/λ are the wave vectors of the incident and diracted light, K = 2πf /V is the wave vector of ultrasound. It is seen in Fig. 7 that • relatively to the acoustic energy ow. 
Calculation of diracted light intensity
The carried out analysis proves that basic parameters of the examined variant of the semi-collinear interaction suciently dier from those in the traditional transverse case. It was found that linear aperture of the incident optical beam and height of the acoustic column along the axis z inuence on the process of the interaction much stronger than the length of the crystal along the axis x.
On the other hand, in the second variant of the semicollinear diraction presented in Fig. 8, [3, 4] . As for the diracted light intensity, it may be found if complex amplitudes of electric elds in the incident, i.e., zero order maximum C 0 (x, z) and also in the diracted rst order maximum C 1 (x, z) are known. The total optic eld in the crystal E is described by the equation
where k 0x and k 0z are projections of the incident optic vector k 0 on the coordinate axes, ω 0 and ω 1 are cyclic frequencies of light, k 1 is the wave vector of diracted light.
In this analysis, the angle of light incidence in the zero order of diraction is dened as θ 0 , as shown in Fig. 9 .
The expression Eq. (7) was inserted in the wave equation in its general form
where c is the velocity of light in the vacuum and ε is the dielectric permittivity of a medium. Due to the photoelastic eect, the acoustic wave modulates the dielectric permittivity in the following manner: ε = n 2 + (1/π)qλn sin(Kr − Ω t), where q is the acousto-optic coupling coecient, r is the radius-vector and Ω = 2πf .
Using the method of slowly variable amplitudes, we obtained a two-dimensional system of coupled wave equations describing the semi-collinear interaction [13, 15] : ∂C 0 (x, z) ∂x
where ∆k x and ∆k z are the components of the mismatch vector ∆k [13, 15] . 
In the above expression, the coordinate z max indicates limitation on the acoustic column length. As for solution of the coupled wave Eqs. (9) it looks as follows:
where J 0 and J 1 are the Bessel functions of the rst order and g = ζ − x tan θ 0 . Unfortunately, in cases of arbitrary function f (z) and strong AO interaction, solution of the system Eq. (9) may be obtained only numerically.
At low diraction eciency I 1 in the case of an optic beam with a linear aperture a and a uniform distribution of amplitude, it is possible to derive the expression for the diracted light amplitude in the +1 diraction order
where sinc(x) = (sin x)/x. In general, the expression (12) provides evaluation of the diracted light intensity and also of the bandwidth ∆f of the interaction.
Discussion on results of calculation
Consideration of the vector diagram in Fig. 7 proves that the mismatch coecient is equal to ∆k z = (2π∆f /V ) cos ψ. It results in the value for the frequency bandwidth ∆f = 1.8(V /a) sin ψ.
Analysis of the expressions (12) and (13) This radiation process is schematically shown in Fig. 9 by arrows adjacent to the incident optic beam. The eect of additional radiation of light was predicted in Refs. [8, 10] and quantitatively conrmed by our calculations [13, 15] .
Data obtained on base of Eq. (11) and presented in 
Experimental investigation of semi-collinear interaction
Experimental investigation of the semi-collinear diraction was carried out in the single crystal paratellurite. We chose the slow shear elastic wave propagating at the angle ϕ = 40
• in (001) plane of the crystal with respect to the axis x. Phase velocity of the acoustic wave was equal to V = 716 m/s and the acoustic walk o angle equal to ψ = 72
• , i.e., close to the maximal value in this crystal 74
• . Application of the acoustic wave provided the semi-collinear regime of AO interaction in the plane (001) at the acoustic frequency f = 300 MHz. Moreover, the diraction was isotropic, i.e., without changes in optic polarization. We used a HeNe laser radiating energy at the wavelength λ = 3.39 µm. The semi-collinear interaction was realized using an extraordinary polarized optical beam. Index of refraction for this beam in the infrared region was equal to n = 2.32 [22] . The acoustooptic gure of merit in the examined regime of interaction was 3 times as large as compared to that in fused silica and was equal to M 2 = 4.6 × 10
Conguration of the examined AO cell and directions of optic and acoustic waves propagation are schematically shown in Fig. 11 . As described in Ref. [12] , the slow shear acoustic wave was generated in the crystal due to 
Conclusions
We carried out theoretical and rst experimental investigation of the new regime of acousto-optic interaction dened as the semi-collinear interaction. The interaction was observed in the single crystal paratellurite due to the strong elastic anisotropy of the material. The interaction combined properties of the transverse and collinear interactions of light and ultrasound. We described the eect by means of the two-dimensional wave equation.
Our theory predicted that the diraction eciency and the acoustic frequency bandwidths were dependent on the linear aperture of the incident optical beam rather than on the width of the acoustic column.
It is clear that advantages of the semi-collinear interaction may be recommended for usage, e.g., in notch tunable AO lters. Non-reciprocal devices using the eect seem also of interest to designers of new acousto-optic instruments. Finally, a device based on pulse regime of operation may be used as a source of laser light in which optic energy is radiated orthogonally to borders of acoustic columns while diracted laser beams are moving along the columns.
